INTRODUCTION
causes of premature mortality and morbidity experienced in South Africa in the year 2000 III. The first South African National Burden of
The initial estimates were revised based on Disease (SA NBD) study identified the underlying additional data to estimate the disability-adjusted life-years (DALYs) for single causes for the first time 111. The DALYs are a comprehensive measure of disease burden combining the years of life lost (YLL) from premature mortality and years lived with disability (YLD) related to illness or injury /3/. The SA NBD study was followed by a Comparative Risk Assessment (CRA) to estimate the contributions of 17 selected risk factors to the burden of disease in South Africa in 2000 IM. The risk factors ranged from unsafe sex to vitamin A deficiency and were selected based on their contribution to the burden of disease and the input of a range of stakeholders IM. Because the environment plays a significant role in the disease profile of a country, the CRA study also included four selected environmental risk factors: unsafe water, sanitation and hygiene; indoor air pollution from household use of solid fuels; urban outdoor air pollution, and lead exposure. Unsafe water, sanitation, and hygiene accounted for 2.6% of total DALYs in South Africa in 2000, whereas indoor smoke from solid fuels and lead exposure accounted for 0.4% each and urban air-pollution accounted for 0.3% of all DALYs in 2000 IM.
Living in a middle-income country, South Africans are simultaneously at risk of ill health related to industrialization and to underdevelopment. Populations in industrially developed urban settings are exposed to urban air pollution, lead, and other heavy metals, whereas those in poor peri-urban and rural settlements face additional environmental risks from inadequate access to water and sanitation and from indoor smoke from solid fuels.
That poor communities continue to suffer disproportionately high exposures to environmental risks is an issue of environmental justice. The location of industry and working-class communities in close proximity served the rapid industrial growth in the 1960s and 1970s. Yet, population growth in such communities on the one hand and increasing production by industries on the other hand has led to a major environmental challenge for the country as a whole 151. In a number of 'hotspot' areas, large industrial sources located close to poor communities result in high exposures and pose a danger to public health. Such exposures include sulfur dioxide (SC>2) emissions from oil refineries in the South Durban industrial basin and Cape Town, dust emissions from mine tailings in Gauteng (one of the more developed urban provinces), and SO 2 emissions from steel and chemical plants in the Vaal Triangle (an area characterized by a high concentration of industries).
This paper reviews the work carried out on the quantification of the health impact of exposure to unsafe water, sanitation, and hygiene /6/; indoor air pollution from household use of solid fuels ΠΙ; urban outdoor air pollution /8/; and lead exposure 191 in South Africa in 2000. This report constitutes the first national application of World Health Organization (WHO) Comparative Risk Assessment (CRA) methodology 710,11/ in Africa. In addition, the paper aims to estimate the joint effect of the four selected environmental risk factors. Dealing with the risk factors jointly is of particular relevance from a policy perspective. For both indoor and outdoor air pollution, the measures to combat these factors are closely linked. When trying to deal with indoor air pollution, policy makers turn to electricity as the solution without considering the impact of electricity generating plants on outdoor air pollution.
MAJOR ENVIRONMENTAL RISK FACTORS IN SOUTH AFRICA

Urban Outdoor Air Pollution
Outdoor air pollution (even at low ambient concentrations) is associated with outcomes such as respiratory symptoms, reduced lung function, and chronic bronchitis. Some health effects may be related to short-term exposure, while others are related to long-term exposure /12/. Anthropogenic ('man-made') air pollution is a complex mixture with many toxic components. The commonly found air pollutants are SO 2 , oxides of nitrogen (NO X ), ozone (Os), volatile organic compounds, and suspended particulate matter (PM). A recent review of air pollutants in South Africa 1131 observed that the main anthropogenic sources of PM emissions are motor vehicles, industries burning dirty fossil fuels (coal, fuel oil and diesel) in appliances that generally do not have emission control devices, and domestic use of highly polluting coal, wood, and paraffin in unelectrified areas, mainly underdeveloped rural areas and peri-urban settlements.
Local studies have demonstrated measurable health effects of petrochemical emissions and other industrial air pollution. In a study among the community living in the north-west quarter of the City of Cape Town in the vicinity of a petrochemical refinery producing approximately 18 tons of SC>2 daily, White et al. /14/ showed a measurable health effect, with more frequent asthmatic symptoms in schoolchildren associated with meteorologically estimated petrochemical emissions dose. In this study area, petrochemical refinery emissions were the most important risk factor for allergic disease symptoms in the ambient environment /14/.
Another study of respiratory conditions in children living in areas exposed to high levels of community air pollution found increased odds of 1.3 compared with areas with less pollution /15/. Opperman et al. /16/ found a high prevalence (65.9%) of upper respiratory illness in children 8-12 years of age in the Vaal Triangle, an area with high total suspended particulates (annual average 184 μ^ιη 3 in 1992). The South Durban Health Study /5/ found that relatively moderate ambient concentrations of NO 2 , NO, PMio, and S 2 were strongly and significantly associated with reduced lung function among children with persistent asthma.
Indoor Air Pollution from Household Use of Solid Fuels
Although attention to air pollutant emissions is dominated by outdoor sources, human exposure is a function of the level of pollution in places where people spend most of their time /11,17-197 . Human exposure to air pollution is therefore dominated by the indoor environment. The use of solid fuels for cooking and heating is probably the largest traditional source of indoor air pollution globallynearly half the world continues to cook with solid fuels, such as dung, wood, coal and agricultural residues. This risk group includes more than 75% of the populations in India and China and 50% to 75% of those in certain regions of South America and Africa.
In South Africa, nationally representative data on household energy are available from two sources-the Demographic and Health Survey of 1998 (SADHS 1998) /20/ and the national Census of 2001121,221. Both data sources indicate that the distribution of households by main energy source used for cooking or heating differs markedly by population group and province. The population group classification is used in this review to demonstrate differences in the risk factor profile and the subsequent burden. The data are based on self-reported categories according to the population group categories used by Statistics South Africa. Such mentioning of differences allows for a more accurate estimate of the overall burden and may assist in higher effectiveness of future interventions. The authors do not subscribe to this classification for any other purpose.
About one-third of households in the country used solid fuels (wood, coal and dung) for cooking and heating, and of these households, 95% were black African 121,221. A further one in five used paraffin (kerosene), and a very small proportion (less than 3%) used gas for cooking and heating. In 2001 almost 60% of households in Limpopo, a predominantly rural province, used wood as the main source of energy for cooking (almost three times the national average), whereas in the more developed province of Gauteng, less than 1% of households used wood for cooking 721,227.
Poorly designed and manufactured stoves and fireplaces burning solid fuels, as well as agricultural fires, emit significant quantities of health-damaging pollutants and carcinogenic compounds 723,247. Limited ventilation is common and increases exposure, particularly for women and young children who spend much of their time indoors.
In South Africa, a few studies have raised concern about the association between indoor air pollution and acute lower respiratory infections (ALRIs) such as pneumonia, among children younger than 5 years of age. ALRIs are among the top 4 killers of South African children in this age group 725,267. As early as 1982, Kossove found that of 132 infants with severe lower respiratory tract disease treated in an outpatient clinic, 70% were exposed to daily levels of smoke from cooking and heating, whereas only 33% of 18 infants free of respiratory illness were exposed to smoke (odds ratio (OR) > 4) 7277. Similarly, not using electricity for cooking and heating, as well as living in areas that are exposed to high levels of both indoor and outdoor air pollution, were found to be associated with acute respiratory infections in children 715,28,297.
Another study among poor communities living in the Eastern Cape province showed a possible association between high levels of recurring respiratory symptoms among children and high levels of indoor air pollution (with levels of carbon monoxjde (CO), SO 2 , and NO 2 up to 12 times those of international guidelines) 7307. One of the most comprehensive South African studies, the Vaal Triangle Air Pollution Study (VAPS), highlighted, among others, high levels of air pollution in coal-burning urban areas, as well as the risk to upper and lower respiratory health associated with exposure 731,327. Among rural children, the VAPS study also highlighted a significantly elevated risk of developing acute respiratory infection (OR > 5) among those living in wood-and coal-burning homes 7337. In a recent re-analysis of SADHS 1998 data, exposure to cooking and heating smoke from polluting fuels (paraffin included) was significantly associated with under-5 mortality after controlling for mother's age at birth, water source, asset index, and household density 7347. A study of indoor air quality among paraffin-burning urban households revealed that 42% exceeded the 1-hour guidelines for SO 2 , 30% for CO, and 9% for NO 2 7357. Baseline monitoring of PMi 0 in the more rural North West province showed that 68% of woodand cow dung-burning households exceeded the United States Environmental Protection Agency (24-hour) guidelines, in some instances by a factor of 20 7367. With the exception of the study by Wesley and Loening 7377, all of those published showed positive associations between indoor air pollution and child ALRIs. The majority of studies reported ORs between 1.88 and 3.5, comparable with other studies in low and middle income countries (ORs 2-3) 7387.
Unsafe Water, Sanitation, and Hygiene
Unsafe water, sanitation, and hygiene (WSH) remains a concern in South Africa. Census 2001 data indicate that 13.6% of households have no toilet facility 7217. A further 4.1% and 22.8% respectively use bucket and pit latrines with no ventilation-both inadequate forms of sanitation that increase risk of diarrheal and parasitic diseases 739-427. The proportion of households with inadequate facilities is much higher in the Eastern Cape, KwaZulu-Natal, and Limpopo, the more rural provinces of South Africa.
Although most households have access to piped water (84.5%), the location is more than 200 m away for 12.4% of households, whereas 7.5% still use rivers, streams, or dams for drinking water, placing residents at risk for diseases such as schistosomiasis 7437. Again the variation is wide, with 23.0% and 12.9% of households in the Eastern Cape and KwaZulu-Natal, respectively, using rivers or streams as their main water source 7217. The risk of exposure to infections as a result of inadequate water and sanitation is not limited to the home environment. In 2002, the Department of Water Affairs and Forestry 7447 estimated that 15% of clinics and nearly 12% of schools in South Africa were without sanitation.
Unsafe WSH as a risk factor is particularly important from a policy perspective because knowledge of how to reduce exposure through improving water and sanitation facilities and hygiene, and the effects on diarrheal and other illnesses of doing so, are fairly well developed 745-477. Significant synergistic effects of improving WSH can be achieved, in terms of improving nutritional status 7487, reducing poverty, and promoting development 749,507. Access to adequate basic facilities is also a rights issue and clearly interpreted as such within the South African Constitution. Internationally the Millennium Development Goals (MDGs) aim to halve the proportion of people without sustainable access to basic sanitation and safe drinking water by 2015, and South Africa has committed itself to contributing to this effort 7517. It is therefore of concern that in 2015, one in five and one in four South African households, respectively, are projected to have inadequate access to water and sanitation facilities 7527. Most of these homes are rural households, further contributing to rural urban inequalities.
In South Africa diarrheal diseases account for 3.1% of total deaths-the eighth largest cause of death nationally 7537. Among children under 5 years of age, diarrheal diseases are the third largest cause of death (11.0% of all deaths), and the third greatest contributor to the burden of disease, constituting 8.8% of all DALYs in this age group 7537. Survey data show that 13% of under-5s in South Africa were reported to have had a bout of diarrhea in the preceding 2 weeks 7547. Although the proportion of deaths attributable to diarrheal diseases in under-5s in 2000 was substantially lower than the 27.7% reported for 1984 7557, the figures are still a cause for concern.
The WHO estimates that 0.75 cases of diarrhea per person occur worldwide every year. This rate varies between regions, with sub-Saharan Africa having the highest rate of 1.29 cases per person annually. In contrast, the respective rates in Europe and the United States are 0.18 and 0.07 cases per person per year 7567. In South Africa, the estimated incidence of diarrheal disease in under-5s in 2004, based on cases presenting to primary health facilities (and therefore likely to be an underestimate of true incidence), was 128.7/1000, with wide variations between provinces, from 8.1/1000 in Gauteng to 244.2/1000 in KwaZulu-Natal /57/. These differentials indicate a potential for reducing the disease burden through improvements in the provision of water and sanitation services and changes in hygiene behavior.
Lead Exposure
Through its multiplicity of uses, lead has become a worldwide environmental pollutant in air, dust, soil, and water. The many uses include lead in petrol, paint, batteries, candles, crystal glass, cellular telephones, computers, television sets, pottery, ammunition, protective clothing, fishing and wheel-balancing weights, tobacco 7587, and in South Africa, traditional medicines 7597. Human exposure occurs mainly through ingestion and inhalation, and to a small degree through dermal absorption.
Flegal and Smith 760/ estimated that preindustrial humans had blood lead concentrations as low as 0.016 g/dL. In 2000, an estimated 120 million people around the world had blood lead concentrations between 5 and 10 g/dL, and about the same number had concentrations greater than 10 μξ/dL, a level associated with considerable health risk. Children are particularly vulnerable; in 2004, WHO reported that worldwide 40% of all children had, blood lead concentrations above 5 pg/dL and 20% had concentrations > 10 μξ/dL, with the vast majority (97%) living in low and middle-income countries /61/.
In countries still using leaded petrol, 90% of environ.nental lead comes from emissions in the form of fine particles that are inhaled and absorbed through the lungs /62/. In South Africa, petrol lead levels in the 1980s were among the highest in the world. At that time, well over 90% of the blood lead levels of Cape Town inner-city first-grade school children exceeded 10 μg/dL/63/ and mean blood lead concentrations ranged from 16 to 18 μg/dL 764,657.
With the progressive lowering of the maximum permissible petrol lead level since 1986, and the introduction of unleaded petrol in the country in 1996, a decline in blood lead levels has been reported. By 2002, when the maximum permissible petrol lead concentration equaled 0.4 g/dL and unleaded petrol made up around 30% of the petrol market share, blood lead levels in Cape Town firstgrade inner-city children had fallen, with 10% having lead levels of 10 μg/dL or higher /66A Although the use of leaded petrol was finally phased out in 2006, little attention has been devoted to childhood exposure to lead used in paint. In a 2005 study /67/, lead-based residential paint v»as found in 20% of sampled homes in various suburbs of Johannesburg.
METHODS
The disease burden attributable to the four important environmental risk factors was estimated by comparing the current local health status with a theoretical minimum counterfactual with the lowest possible risk. The approach for estimating the burden of disease attributable to exposure to these environmental risk factors is described in more detail elsewhere 76-97. Briefly, the attributable fraction of disease burden in the population was determined by the prevalence of exposure to the risk factor in the population and the relative risk (RR) of disease occurrence given exposure. Population attributable fractions (PAFs) were then applied to the revised South African burden of disease estimates for 2000 (deaths, years of life lost (YLL), years lived with disability (YLD), and DALYs) 121 for related health outcomes. For urban air pollution, only attributable mortality estimates were included in this analysis because the mortality effects of air pollution are the most important, and the local incidence data required for morbidity estimates are lacking. For indoor air pollution, PAFs were applied to burden of disease estimates for the year 2000 for each population group 121. The total attributable burden for South Africa in 2000 was then obtained by adding the burden attributed to indoor smoke for the four population groups. The methodology used for individual risk factors is summarized below.
Urban Outdoor Air Pollution
Particulate matter refers to the total mass of airborne particles, irrespective of their chemical properties. The size of the particulate is important in terms of its ability to penetrate the lungs and cause adverse health effects /68Λ Suspended PM is divided into three fractions-PM 2 j is PM with aerodynamic diameters < 2.5 μτη, ΡΜ 10 is PM with aerodynamic diameters < 10 μτη, and suspended PM > PMio with aerodynamic diameters > PM !0 . PM 2 .s and ΡΜ (0 , which are most often selected as exposure metrics for the quantitative assessment of health effects in epidemiologic studies /12/, were used in the South African CRA study.
Quantifying the impact of air pollution in cities around South Africa is challenging due to the limited availability of information on exposure to air pollution and its adverse effects on health in our local setting. Air pollution monitoring efforts tend to focus on 'hot-spot' areas, with only a few stations positioned to monitor population exposure, making difficult the assessment of overall exposure to urban air pollution. At this stage, the national monitoring network is limited, uneven in distribution across the urban population, and not standardized. In general, the monitoring network does nut conform to recommended international practice /69/. Nevertheless, we made use of the available data to estimate population exposure to urban outdoor air pollution (in terms of PMio and I'M;·;) and the mortality burden attributed to this exposure by gender and age group in South Africa for the year 2000/87.
Urban The map in Figure 1 shows that the monitoring networks and stations across the country are largely situated in metropolitan areas. The PM 10 estimates were converted to estimates of PM 25 using available information on the geographic variation of pollution sources, factors influencing the ratio of PM 2 . 5 to PM )0 , as well as the observed ratio from local studies for which monitoring data were available for both PMi 0 and PM 2 5. For these areas, the ratio was between 0.5 and 0.65 /13,71/. In areas without local data on PM 2 .s /PMio ratios, we assumed a ratio of 0.5. A ratio of 0.35 was assigned to peri-urban areas with high fugitive emissions (for example, dust from unpaved roads or from soil or sand particles) and areas with high mining activity. This approach is consistent with that used in the global air pollution risk assessment study /12/.
Pollution Monitoring Stations
Legend
The population-weighted annual average concentrations of PM ]0 and PM 2 .5 exposures for each setting were calculated based on the population within a 5-km radius of the monitoring sites. Urban air pollution sources include stack (10-90 m long) emissions and emissions from ambient and domestic sources, and may be considered to have impacts as far as 10-20 km from the source, depending on the nature of the emission.
Selecting a relatively small radius of 5 km was regarded as the optimal compromise between representing localized sources and more distant air pollution sources. The 'small area level' dataset from Census 2001 /22/ was used to determine the population residing in the assumed 5-km impact zone around each monitoring point by the Geographical Information Systems (GIS) Unit of the South African Medical Research Council.
Variations across the impact zone were assumed to average across the area, as well as with time over an annual period. The populationweighted mean PMio and PM 2 .s concentrations for all urban areas in South Africa in 2000 were also estimated ( Table 1) . The health effects associated with PM exposure include lung cancer and respiratory disease, as well as certain specific cardiovascular outcomes Π2Ι. The three health outcomes assessed by Cohen et al. /12/ in the global study were included in this study, classified using ICD-9 codes /73/: 1. mortality due to cardiopulmonary disease in adults aged 30 years and older; 2. mortality due to lung cancer in adults aged 30 years and older; and 3. mortality due to acute lower respiratory infections (ALRIs) in infants and children (aged 0-4 years).
Morbidity outcomes that are likely to be causal but were not quantified because of lack of sufficient evidence on prevalence or hazard size, or both, included cardiovascular and respiratory morbidity, including hospital ization for cardio-vascular or respiratory disease; emergency room and urgent care visits; asthma exacerbation; acute and chronic bronchitis; respiratory symptoms; and decreased lung function /12/. A recent review of South African-based studies of the health effects of air pollution concluded that no study was able to provide local estimates of the risk /74/. In these analyses, we used the RR estimates from Cohen et al.'s /12/ base-case analyses in which annual average concentrations measured from 1979 to 1983 American Cancer Society (ACS) data were used as estimates of exposure /75/. After deriving the concentrationresponse functions for the three endpoints, Cohen et al. assumed a log-linear risk model, which led to the following formulae for the RR for outcome / related to PM 2 5 and PM 10 that were used in this study:
where C 25 and do are the South Africanspecific population-weighted mean concentrations of PM 25 and PMio, respectively, and Κ 2 ίι and / 0l are the slopes of the concentration-response functions for PM 2 5 and PMio, respectively. In the absence of background air pollution data, we used the counter- In MS Excel, we calculated PAFs using the classical epidemiologic formula for a two-category exposure (baseline no-risk):
_ P(RR-\) P(RR-\)+\
where Ρ is the prevalence of exposure (indexed as population weighted mean concentrations of PM ]0 or PM 2 .s, depending on the health outcome, for urban areas in South Africa), and RR is the relative risk of disease in the exposed versus unexposed, as calculated above. National PAFs for the three endpoints were calculated by weighting the PAF for urban areas in proportion to the total population (33%) residing in the six metropolitan areas (Including Sasolburg) Source: Census 2001 [22] . Reproduced with permission from South African Medical Journal [7] 'Population group of household head «Exposure to solid fuels = % households using solid fuels for cooking or heating after taking into account the ventilation in the households (ventilation coefficient 0.6).
using Census 2001 data 7227, and assuming that the non-metropolitan areas were not at risk.
Indoor Air Pollution -Household Use of Solid Fuels
Household solid fuel use was estimated at the population group level using binary classifications of exposure to household fuel use (exposed to solid fuels if using wood, coal, or dung; or not exposed if using electricity, gas, or paraffin for cooking or heating) based on Census 2001 data 7227. Owing to marked differences in fuel use in the four different population groups, the analysis was carried out separately for each. To account for differences in other factors such as type of housing which may affect levels of indoor air pollution, we adjusted the exposure variable by a ventilation factor:
Household-equivalent solid fuel exposed population = (population using solid fuel) x (ventilation factor)
The ventilation factor or coefficient reflects the share of people being exposed after taking into account the ventilation in the household. Solid fuel use outdoors results in complete ventilation and a ventilation coefficient of 0, whereas a poorly ventilated household would have a coefficient of 1. Based on expert opinion and taking into account that due to the mild climate, heating is necessary only for about 3 months of the year, we used an estimate of 0.6 (range 0.4-0.8 to allow for seasonal variation) as the ventilation factor. The theoretical minimum for this risk factor is no use of solid fuels for the production of household energy, and this has been achieved in many populations.
The estimated exposure to indoor air pollution from household use of solid fuels is presented in Table 2 by population group. Separate estimates of exposure resulting from use of coal are also presented. A third of South African households used solid fuels for cooking or heating, with marked population group differences ranging from 41% of black African households to only 1% to 2% of Indian and white households. After taking into account ventilation, exposure to solid fuels was estimated at 24% in the black African, followed by 9% in the colored population and about 1% in both the Indian and white population groups (Table 2) .
Smith and colleagues Π61 carried out a comprehensive review of the epidemiologic evidence available for each disease endpoint to select the health outcomes caused by exposure to indoor smoke from the use of solid fuels. Three health outcomes had strong evidence of a causal relationship: ALRIs in children under 5 years of age, and chronic obstructive pulmonary disease (COPD) and lung cancer (from the use of coal) in adults 30 years and older. Available data indicate that men are at lower risk than women because of lower exposures. The outcomes potentially associated with solid fuels use but not quantified because of a lack of sufficient evidence on causality included CVD, cataracts, tuberculosis, asthma, perinatal effects, including low birth weight, and lung cancer from biomass. Estimates of RRs and confidence intervals (CI) from metaanalyses of studies that controlled for the confounding effects of chronic respiratory disease and smoking Π6Ι are used in this study. PAFs were calculated using the classical epidemiologic formula outlined under urban air pollution.
Smoking is an important risk factor for the diseases associated with indoor smoke from solid fuels, specifically lung cancer and COPD. Yet, information on the joint effects of smoking and solid fuel use is scarce. In previous analyses, to avoid possible overestimation of the burden of disease attributable to indoor smoke, PAFs for lung cancer and COPD caused by exposure to indoor smoke were applied to the disease burden remaining after removing the burden attributable to tobacco (with an adjustment for occupational exposure) 111 I. This approach was conservative as the attributable risks do not add up to 100%, and some of the effect attributable to tobacco may also be attributable to indoor smoke from household use of solid fuel, although the risks of tobacco in any individual are far greater than those from air pollution. For this paper, PAFs for lung cancer and COPD were applied to burden of disease estimates for lung cancer and COPD, and we quantified the joint effect of smoking, urban air pollution, and solid fuel use on lung cancer and COPD (see below).
Unsafe Water, Sanitation, and Hygiene
The composite risk factor, unsafe WSH, was defined as including 'multiple factors, namely the Ingestion of unsafe water, lack of water linked to inadequate hygiene, poor personal and domestic hygiene and agricultural practices, contact with unsafe water, and inadequate development and management of water resources or water systems /78/.
We used two approaches for estimating the disease burden attributable to unsafe WSH, according to disease outcome 161. For selected related diseases other than infectious diarrhea (combined in the category 'intestinal parasites') and for schistosomiasis, the burden was assumed to be 100% attributable to exposure to unsafe WSH /78/. Although largely attributable to unsafe WSH, trachoma is not common in South Africa and is therefore not listed separately in the South African burden of disease list and could not be included in this analysis. A number of other diseases related to unsafe WSH, such as hepatitis A and scabies, could not be included as their risk factor-disease relationships remain unclear /79/.
For the diarrheal disease burden from unsafe WSH, estimates were based on calculating a population-attributable fraction derived from exposure information. A scenario-based approach was applied /78/. Here the risk of diarrheal disease is conditioned by a typical exposure or representative combination of risk factors at commonly encountered levels. Scenarios were defined on the basis of, firstly, type of water and sanitation infrastructure, and secondly, load of The risk estimates assigned to each exposure scenario were based on those of Prüss-Üstün et al. /78/, who used large surveys and reviews of multicountry studies to derive risk averages-the average risk related to the described scenarios across the world and in an array of situations /78/. The ideal situation (scenario I) was assigned a relative risk (RR) of 1.0. Because of the uncertainties associated with these risk estimates, upper and lower uncertainty boundaries were constructed, drawing on those used for the global study /78/. The lower estimate was based on the diarrheal disease risk reduction achieved through personal hygiene interventions only; the best estimate on the reduction from improvements in both water quality and personal hygiene; and the upper estimate on the additional improvements from provision of a continuous piped water supply. No differences in RRs across age groups or between genders were assumed.
Data on prevalence and population distribution of exposure were obtained from the South African Census 2001 /21/, which reported the main source of water supply and toilet facilities available to households. Based on the data, households were allocated to 1 of 3 categories: poor, intermediate, or good access to water supply and sanitation facilities (Table 3) , which were matched as closely as possible to the exposure scenarios. The situation for certain population subgroups in South Africa was sufficiently different from that of other African countries such that it could not be captured entirely by scenario IV. Urban households with full sanitation coverage and good access to improved water supplies were considered at low risk of diarrheal disease. Using Census 2001 data we assigned households in urban areas and with access to improved water supply and full sanitation coverage (27.8% of all) to scenario II. The 22.9% of households with piped water and full sanitation coverage but in rural or urban informal settlements were assigned to scenario IV, together with households with intermediate water and sanitation facilities. The remaining 20.7% were placed in scenarios Va, Vb and VI (Table 3) .
Population-attributable fractions were calculated in Excel using the formula for risk factors with multiple categories 7837. where p, is the prevalence of exposure in level;, RR, is the RR of disease in exposure level j and k is the total number of exposure levels.
Lead Exposure
Lead exposure was characterized by the population distribution of blood lead concentrations. No nationally representative data on blood lead levels were available and exposure was assessed separately for urban and rural areas. Exposure data for primary school children (aged 5 to 12 years) were pooled from studies carried out at three urban sites in Cape Town, Johannesburg, and Kimberley /66,84/. For the rural sample /84/, occupational exposures or 'hotspots' (in Aggeneys, a lead mining town where lead levels were unusually high) were excluded. Due to data limitations, the same blood lead concentrations were used for children under 5 years and for children 5-14 years of age (Table 4) , although health effects in children 5-14 years of age were not quantified in this analysis. For adults, urban exposure data were obtained from maternal blood lead levels in a study of pregnant women in Durban /85A Blood lead levels in rural adults were assumed to be the same as in rural children (Table 4) . The proportion of the population at specified blood lead concentrations in the urban and rural populations was estimated for adults and children separately based on the lognormal distribution 191, weighted according to the urban/rural breakdown based on Census 2001 7227 data to provide a national estimate of exposure.
The outcomes assessed in this study were similar to those in the global CRA study 7617 and included cardiovascular diseases (CVDs) from elevated systolic blood pressure (in adults 30 years and older), and IQ reduction in children under 5 years of age. A loss of IQ points was considered to lead to disease burden when resulting in mild intellectual impairment or mild mental disability defined as an IQ score of 50-69 points 7617.
Ane.nia and gastrointestinal effects, nephropathy, and encephalopathy were not quantified in this analysis because they occur only in extreme cases. Other outcomes that are likely to be causal, but were not quantified because of lack of sufficient evidence on causality included developmental and reproductive system effects and social consequences of IQ loss 7617. In the absence of a scientific consensus of the lowest level of population risk, we used a blood lead concentration threshold of 5 dL in this analysis for the related health risks.
Following the framework of Prüss-Üstün et al. 7617 in the global assessment, the incidence of mild mental disability resulting from IQ reduction attributable to lead exposure was estimated and used to calculate lead-induced mild mental disability DALYs in children under 5 years of age, as described in detail elsewhere 797.
The contribution of exposure to lead to CVD burden in adults is mediated through increased blood pressure. Hazards for increased blood pressure associated with increased blood lead concentrations were obtained from a meta-analysis by Schwartz 7867 and a published analysis of data from the second National Health and Nutrition Examination Survey (NHANES 11)7617. As detailed in Norman et al. 797, the CVD PAFs were calculated using the formula for risk factors with multiple categories 7837 outlined under unsafe WSH.
The risk values for CVD for the defined increases in systolic blood pressure associated with increased blood lead concentrations were based on the risk ratios obtained from a collaborative metaanalysis of individual participant data from 61 separate prospective studies 7877 used in the high blood pressure assessment 7887.
Joint Effect Estimation
For each health outcome, the PAFs for each risk factor were combined in a multiplicative calculation of the total PAF of the disease in question attributed to all risk factors using the formula:
where PAF, is the PAF of individual risk factors, ι is the individual risk factor, and η is the total number of risk factors /89/. We used this formula to estimate the burden attributable to the joint effect of the four environmental risk factors. We also quantified the joint effect of urban air pollution, indoor air pollution, and tobacco use on COPD and lung cancer in adults.
Uncertainty Analysis
Monte Carlo simulation-modeling techniques were used to present uncertainty ranges around point estimates reflecting the main sources of sampling uncertainty in the calculations. Ersatz software version 1.0 /90/ was used as an add-in to Excel, allowing multiple recalculations of the Excel spreadsheet, each time choosing a randomly drawn value from the distributions defined for input variables.
In the unsafe WSH analysis, we specified a triangular probability distribution around the RR estimates with 3 points: the published best RR estimate as the most likely point and the published upper and lower uncertainty boundaries 7827 as the maximum and minimum entered values of the distribution.
For urban air pollution, indoor air pollution, and lead exposure for the RR input variables, we made the standard assumption that the natural logarithm of the RR has a normal distribution and used standard errors derived from me published 95% CIs.
We used the Ersatz random function ErRelativeRisk with a Correction that takes the RR and SE[ln(RR)]
as parameters, and recalculates mem to produce a mean effect size equal to the point estimate of the RR in the uncertainty analysis /91/.
In the indoor air pollution analysis, we specified for the ventilation coefficient a uniform probability distribution across the range 0.4 to 0.8. For urban air pollution, we assumed that the observed mean ΡΜ ]0 concentrations in each area could vary by 20%, and we specified a triangular distribution with three points (minimum, most likely (the observed concentration) and maximum).
For estimating PM 2 5 from PMi 0 using the ratio method, we again specified a triangular probability distribution with the upper and lower estimates published by air pollution studies /12,13/, depending on whether the area was metropolitan (0.5-0.65) or a dusty urban mining area (0.2-0.5), as the maximum and minimum entered values of the distribution.
For lead exposure, normal distributions of the mean blood lead concentration were specified by age and gender. For the association of increased blood lead concentrations with loss of IQ points, a normal distribution with a mean of 100 and SE of 1 (95% of the simulated means will lie between 98 and 102 points) was specified for the mean IQ in human populations. A normal distribution was also specified around the estimated decrease in IQ points associated with a 5 \tg/dL increase in blood lead concentration as detailed in 191. For each output variable (namely attributable and joint attributable burden as a percentage of total burden in South Africa in 2000), 95% uncertainty intervals were calculated bounded by the 2.5* and 97.5 th percentiles of 2000 iteration values generated.
RESULTS
For each environmental risk, the PAFs, the attributable deaths, and the DALYs by gender are presented in Table 5 . "includes only YLLs; COPD= Chronic obstructive pulmonary disease; "including ascariasis, trichuriasis, hookworm ALRI -Act'te lower respiratory infections; CVD -cardiovascular diseases; Ul -uncertainty interval;
Unsafe water, sanitation, and hygiene accounted for 2.6% of total DALYs in South Africa in 2000, whereas indoor smoke from solid fuels and lead exposure accounted for 0.4% each and urban airpollution accounted for 0.3% of all DALYs in 2000.
The joint effect of unsafe WSH, indoor air pollution, urban air pollution, and lead exposure was responsible for 4.7% (95% uncertainty interval 3.8% to 5.3%) of all deaths in South Africa 2000 (Figure 2 ). The total burden of disease attributable to the joint effect of these four environmental risk factors in 2000 was 600,660 DALYs equivalent to 3.7% (95% uncertainty interval 3.4-4.0%) of the total disease burden for South Africa (Figure 3) . The largest contributor to joint attributable burden is unsafe WSH, with 64.3% of the joint burden caused by diarrheal diseases. Respiratory infections and CVDs each account for similar proportions (8%) of the joint attributable burden, and lead-induced mild mental disability in children under 5 years of age accounts for about 7% of the joint burden (Figure 4) . The largest proportion of the disease burden attributable to these risks is experienced by children under 5 years of age, with 9.7% (95% uncertainty interval 9.1% to 10.2%) of the disease burden from all causes in this age group attributable to the joint effect of all four environmental risks. The joint effect of indoor and outdoor air pollution is responsible for a quarter of Lead caused 44,000 DALYs due to mild mental disability in this age group, and 84% of the diarrhea! disease burden could be attributable to unsafe WSH in children under 5 years of age. This finding ranks the joint effects of the environmental risk factors as the third largest risk factor for disease among under-5 year olds, behind vertical transmission of HIV due to unsafe sex and undernutrition. These four environmental risk factors are therefore considerably more important in this age group than in the South African population as a whole. 26 The results of the global risk assessment study /12/ revealed considerable variation in the estimates across the 14 subregions of the world, with the greatest burden occurring in the more polluted and rapidly growing cities of low and middle income countries. The global study estimated PAFs that were comparable to those in the South African study, with air pollution in urban areas worldwide estimated to cause about 3% of mortality attributable to cardiopulmonary disease in adults, about 5% of mortality attributable to cancers of the trachea, bronchus and lung, and about 1% of mortality attributable to ARIs in children under the age of 5 years.
Indoor air pollution. Indoor air pollution from the household use of solid fuels appears to be of less serious public health importance in South Africa than in the rest of sub-Saharan Africa, partly due to the lower exposure and better ventilation assumed in this study. In the global assessment, estimates for the African region were based on extrapolations from fuel use surveys, and all African countries were assigned a ventilation coefficient of 1. In 2002, however, the WHO country-specific estimates for South Africa estimated the percentage of the population using solid fuels at 18%, much lower than for other African countries, and only 0.1% of DALYs were attributable to indoor air pollution from solid fuel use 1921. This amount is less than the local estimate where indoor air pollution from household use of solid fuels caused 0.4% of all DALYs (95% uncertainty interval 0.3% to 0.6%) in South Africa in 2000. Such differences are probably the result of the higher exposure estimates used in our local assessment and of the analysis being carried out by population group. Based on the Census 2001 data and taking ventilation into account, exposure to solid fuels was estimated to be as high as 24% in the African population and 20% overall ( Table 2) .
Unsafe WSH. Estimates are comparable with those reported in the global unsafe WSH risk factor assessment, although in South Africa, the proportion of all attributable deaths and DALYs in the age group 0 to 4 years is less than the global estimates for this age group /78Λ This difference is probably the result of the approach used to allocate the South African population to different exposure scenarios for determining risk of diarrheal diseases from unsafe WSH. Based on data from the 2001 Census, of the South African population, 27.8% and 51.4% were respectively allocated to scenarios II and IV, which is very different from the distribution for the WHO African (AFR-E) region (countries in sub-Saharan Africa), where 0% was allocated to scenario II, 42% to scenario IV, and 9% and 38% to scenarios Vb and VI, respectively /78/. Nevertheless, we believe that when compared with other low and middle income countries in the African region, the allocation described here reasonably reflects access to improved water and sanitation facilities for certain urban populations in South Africa.
Lead exposure. Although lead-reduction programs have been initiated in South Africa, these measures have not yet been fully implemented and as such, this environmental risk still had a significant impact on health in 2000. Large fractions of the local population had significantly elevated blood lead concentrations, and approximately half (53%) of the national population (about 23 million) had blood lead concentrations between 5 and 10 ng/dL. Blood lead concentrations above 10 μΒ/dL were estimated for about 10% of the population (almost 4 million South Africans). Rural populations in South Africa were also exposed to lead, although to a somewhat lower degree.
In both children and adults, mean blood lead concentrations in the South African population were slightly lower than the estimates for the WHO African region (AFR-E) for two main reasons. Firstly, more recent and locally representative data were used in this analysis. Secondly, the global assessment method of parameter estimation underestimates the percentage of people at lower blood lead concentrations but overestimates the proportion at risk at higher concentrations, as described in more detail elsewhere 191.
Nevertheless, the estimated prevalence of mild mental disability attributable to lead (0.5%) was comparable to that estimated for the African region /61/. Indeed, 40% of mild mental disability is estimated to be of genetic origin, 20% is caused by environmental factors, and 40% is of unknown etiology /93/; in low-and middle-income countries, the contribution of lead to the total incidence of mild mental disability is thought to be as high as 15%-20% 1611. The high prevalence of mild mental disability in low and middle income countries highlights the role of avoidable and preventable exposure to harmful environmental factors like lead.
Study Limitations
In this study, attempts have been made to quantify sampling uncertainty. Clearly, however, some uncertainty around these estimates remains beyond the sampling uncertainty that could not be quantified. Extrapolating the overall risks from other countries to South Africa, in the absence of reliable local estimates of the risk of exposure to such environmental factors, is an important source of uncertainty. Also some uncertainty around the cause of death and burden of disease estimates can be detected /1,2/. In general, however, the study could be improved through more representative data on exposures, disease burden, and the epidemiologic relationship between the risk factor and health. Specific study limitations have been identified for each risk factor and are outlined below.
Urban outdoor air pollution. Estimates of mortality attributable to urban outdoor air pollution based solely on the effect of annual average exposure to PMas and PMio are probably an underestimate of the actual burden. If it were possible to identify, accurately measure, and include exposure to all known pollutants, taking into account interrelated effects, the burden attributable to this risk factor would be higher 794, 957. Our estimate is conservative as we assume exposure occurred only in the metropolitan areas (and Sasolburg) and not in the more scattered urban areas or rural areas. Nevertheless, our initial estimates indicate that the health impact is significant.
Notably, most studies concerned with the health effects of air pollution have been conducted in cities in North America and Europe, with comparatively few elsewhere. Therefore, compared with mortality findings, the uncertainty rises to a greater degree when morbidity findings are extrapo'ated to low-and middle-income countries because the estimation requires both a concentration-response function and a baseline incidence rate 7727. Because of the lack of data on the risk of increased morbidity or levels of exposure in rural settings, our study is likely to understate the extent of the burden. Future estimates of burden of disease attributable to urban air pollution should include such morbidity outcomes as asthma exacerbation. This aspect, however, will depend on further research into the health effects of air pollution in low-and middleincome countries, including South Africa. Such research should also aim to provide better estimates not only of ambient concentrations but also of the characteristics of urban air pollution, including the size distribution and chemical composition of PM, and the contribution of various sources to PM and other air pollutant concentrations. A more comprehensive estimate of the burden attributable to air pollution should include estimates for annual (and seasonal) average concentrations of the other common pollutants: SO 2 , NO 2 , Oa, CO, and volatile organic compounds, such as benzene, a well-known hematopoietic carcinogen. In addition, limiting the analyses to urban areas may underestimate the burden attributable to this risk factor as outdoor air pollution occurs in rural areas that would not be captured by the indoor pollution estimates.
Indoor air pollution from household use of solid fuels. Multiple fuel use and a degree of 'fuel switching' in poor households mean that households may use up to five fuels for cooking and heating. Hence, even if households reported 'clean fuel' as their main energy source for cooking, they may often have complemented this with other fuels, based largely on affordability. One study 7967 found that after being paid, people used paraffin for cooking and as the month progressed and funds diminished, they slid down the energy ladder to relying on wood (cheaper) and then cow dung (free) as the fuel source.
Considering exposure as a binary classification would also result in an underestimation of the burden. In reality, exposure to indoor air pollution from the use of solid fuels results in a wide range of exposures, which vary according to fuel type and quality as well as stove and housing characteristics (ventilation and size), cooking and heating methods, time spent within the household, close proximity to the pollution source, and the season. In future assessments, exposure would therefore best be characterized as a continuous outcome, or at least better characterized by multiple categories.
In this analysis, for COPD, 73.5% of the burden in males and 61.3% of the burden in females could be attributed to the joint effect of tobacco, indoor air pollution, and urban outdoor air pollution. Notably, the risks of tobacco in any individual are far greater than those from air pollution. Exposure to air pollution and tobacco smoking can also act synergistically in promoting lung cancer and COPD.
Indoor air pollution may also work jointly or synergistically with undemutrition and/or HIV to increase the incidence and effects of diseases such as ALRI. Some risks related to indoor smoke may be mediated through under-nutrition whereas, equally, some risks for undemutrition may be mediated through indoor smoke-related ALRI. HIV-positive children living in conditions of high exposure to indoor air pollution may be particularly vulnerable to consequent respiratory ill health effects. The extent to which this may occur is difficult to measure, however, and has not been assessed.
Growing evidence suggests that other important health outcomes, such as tuberculosis (of special concern because it is also closely related to the HIV/AIDS epidemic), ischemic heart disease, and asthma, which are among the leading causes of death in the country, may also be associated with exposure to indoor smoke from solid fuels. These outcomes were not included in this analysis, however, as the evidence was considered insufficient at this stage 7767, which could also result in an underestimate of the true burden attributable to this risk factor. The association between these priority diseases and indoor smoke needs further investigation in our local setting.
We also assumed that children of 6-14 years and adults of 15-29 years of age were not exposed to this risk factor because of the absence of related health outcomes in these age groups, although probably some exposure did occur in these groups. Although the related chronic diseases would not yet manifest in these age groups, note that the development of these diseases at older ages is a consequence of exposure in the younger age groups. As the levels are unknown, they could not be quantified in these age groups, possibly also leading to an underestimate.
Because of a lack of local epidemiologic data, the results of the meta-analysis by Smith and colleagues /76/ were used as the source of the relative risk estimates. This method is not ideal as extrapolating results of epidemiologic studies from one region to another does not take into account the potentially interactive risk factors, such as malnutrition or HIV, which were not addressed in all of the meta-analyses /76/ and would result in an unqualified uncertainty in our results. Collecting more epidemiologic data on the risks of indoor air pollution in the current South African setting would be important.
Unsafe water, sanitation and hygiene. The unsafe WSH analysis has a number of limitations. Firstly, while providing information on water and sanitation facilities, the Census does not indicate whether these facilities are operating. The termination of household water supplies for nonpayment is also pertinent 7977. Although legislation establishing the right to a basic minimum free household water supply may have partly mitigated this problem, the residents of rented 'backyard' shacks may not have access to this water as they are often not registered with the local authority. Such uncertainty regarding the functioning of basic facilities is difficult to quantify and would result in an overestimate of the number of households meeting the criteria for exposure scenario II and an underestimation of the fraction of the burden of diarrheal disease attributable to unsafe WSH. The true attributable fraction for diarrheal diseases might therefore be higher than that calculated.
Secondly, assignment of households to exposure scenarios was not always straightforward. For example, do households using pit latrines without ventilation have 'poor' or 'intermediate' sanitation?
Thirdly, looking at the synergistic effects of risk factors, such as unsafe WSH and malnutrition including micronutrient deficiencies and underweight, and childhood mortality in poor households in this setting, is not within the scope of this framework. The burden of diarrheal diseases reported as attributable to these risk factors could therefore be an underestimate of the true attributable fraction. A recent evaluation suggests that approximately 50% of the disease burden due to malnutrition can be attributed to unsafe WSH /98/, indicating that a proportion of the burden attributable to underweight is linked to unsafe WSH and highlighting the complexity of these effects.
Fourthly, within this assessment, examining how the burden is distributed between rural and urban settings and between poorer and wealthier households is not possible. Nevertheless, the RRs associated with different exposure scenarios clearly indicate that households with poorer access to water and sanitation facilities are at substantially greater risk of developing diarrheal and other diseases. Since most of these households are likely to be located in poor rural or peri-urban settlements, we can assume that the burden attributable to unsafe WSH is borne largely by poorer households and, more specifically, by children within them. Research on water access in relation to the cholera epidemic of 2000-1 supports this assumption /99/.
Finally, we did not assess the attributable burden from all intestinal parasite infestations but rather focused on the major ones. We were also unable to include in our estimates other WSHrelated diseases, such as hepatitis A, for which current knowledge does not allow the attributable fraction to be estimated.
Lead exposure. Significant assumptions were necessary to overcome the lack of nationally representative exposure data. In urban adults, exposure data were obtained from a single community study in females and extrapolated to the whole country. Rural adults were assumed to have the same mean blood lead concentration as rural children, and this could lead to an overestimation of exposure in rural adults because lead exposures are usually lower in adults than in children. Nationally representative blood lead surveys are necessary in our country to improve the accuracy of these estimates.
Our estimate of burden attributable to lead exposure is probably an underestimate of the true attributable burden because only mild mental disability caused by IQ reduction and CVD endpoints were considered in this analysis. The burden of gastrointestinal symptoms and anemia caused by lead was not assessed as the rate of illness for these related health outcomes was negligible. Several additional related health outcomes, such as increased delinquent behavior and its impact on injuries, could not be quantified in this assessment due to insufficient evidence. In addition, lack of information on the health impact of low lead levels, the exclusion of data from studies carried out in 'hot spots' with high exposure, as well as other conservative assumptions listed in this study have all contributed to a possible underestimation of the burden of disease attributable to lead exposure.
Recommendations
Urbatt air pollution. The assessment of exposure to outdoor air pollution for this study is based on data obtained from the available air pollution monitoring network, rather than from a network specifically designed to estimate populationweighted exposure. This situation made it necessary to assume that the underlying distribution of vulnerable groups is consistent across studies. It is important for South Africa to develop a national air-quality monitoring network that covers all significant urban settlements (populations > 100,000), standardized with respect to instrumentation, data quality assurance, and reporting formats. The location of monitoring stations within each urban area should be in conformity with accepted international practice. The location of monitoring stations within areas of high population density and proximal to known significant sources of pollutant emissions ('hotspots') will ensure an improved populationweighted estimate of exposure and of the impact of specific emission sources.
In addition, we must develop urban-scale airquality mathematical models for all urban settlements. Air-quality modeling combined with monitoring data is capable of relating pollution sources and atmospheric processes of dispersion and chemical transformation to ambient concentrations, thus providing a potentially more accurate estimate of population-weighted exposure. Other recommendations include encouraging movement away from the use of dirty (highly polluting) fuels such as coal, wood and paraffin for domestic purposes to cleaner fuels such as liquefied petroleum gas (LPG) and electricity, and use of cleaner fuels as industrial fuel, as well as installation of air pollution control devices to minimise industrial emissions. In addition, expanding the use of renewable and environmentally friendly energy sources such as solar or wind power and upgrading combustion technology especially for diesel engines and stationary sources such as power plants, incinerators, industrial boilers and residential cooking and heating appliances is important. Strict regulations on open burning of waste and uncontrolled burning of forests and agricultural fields are also essential.
Indoor air pollution from household use of solid fuels. The most important interventions to reduce the impact of indoor air pollution include access to cleaner household fuels, improved stoves, and better ventilation as described in detail elsewhere /?/. The use of solid fuels has a negative impact on household economies due to the time spent harvesting, storing, and preparing such fuels. Thus, time is deducted from hours that could be spent on other tasks including childcare, education, domestic hygiene, commercial activities and rest and relaxation, particularly for women, thereby having a negative impact on health and well-being. Notably, other fuels carry health risks too. For example, households using paraffin and gas for cooking and heating can also be exposed to pollution, largely related to stoves' quality, and are also at risk of fire injuries and childhood poisonings associated with the use of paraffin. Access to electricity is therefore key to good health, breaking the cycle of poverty, and to promoting sustainable development. Yet, health risks are involved in providing electricity to households as well, including occupational hazards from coal mining, air pollution from power plants, and nuclear plant accidents 7767. Nevertheless, rural-urban and intra-urban differentials in access to safe WSH remain a concern. The residents of inner-city, low-income, high-density areas and urban informal settlements struggle to gain access to basic services or share these with many households. Variation in access between urban and rural areas is also stark: although only 5% of urban households did not have access to purified water and any toilet in 2001, 37% and 28% of rural households did not have access to purified piped water or any form of toilet, respectively 1521.
Reducing the risks to which children are exposed through unsafe WSH is particularly important, given the large disease burden attributable to this risk in children under five years of age. Reducing the unsafe WSH risk includes decreasing diarrhea risks in the household and in local environments. A study in Port Elizabeth, Eastern Cape Province, showed that diarrhea levels were significantly higher in children under six years of age who shared a tap with more than six other households, and also in those who shared a toilet with more than five households /1037. Informal preschool and child-care facilities have also been shown as an important environment for the transmission of diarrheal diseases /1047.
Although improving access to adequate water and sanitation facilities is key, the impact of both personal and domestic hygiene behaviors should not be neglected. In the same Port Elizabeth study, diarrhea levels were 4.8 times higher in caregivers who stored water in their kitchens 71037-a risk that could be mitigated by improved domestic hygiene behaviors.
Reviews have suggested that good hygiene may result in 33% reduction in diarrheal mortality 7467, and that hygiene education is a highly costeffective intervention for reducing childhood diarrheal diseases 71057. A systematic review of the impact of hand-washing with soap showed that this cheap intervention could reduce diarrheal risk in the community by 42% to 44% 7457. Improvements in hygiene behavior should also reduce intestinal parasite infections, yet how best to change hygiene behaviors in different settings remains unclear 745, 1067. The secondary prevention of diarrheal diseases is also important. Impacts can be mitigated by prompt and appropriate treatment at the household and health facility level. Providing hygiene information to caregivers of children with diarrheal disease could also contribute to reducing disease spread within households and the likelihood of further episodes.
Improving WSH is also likely to have positive impacts on household economies due to the time saved in water collection 71077. As discussed under indoor air pollution, this saving would also free time for other tasks, including education, domestic hygiene, and commercial activities 7108, 1097, particularly for female children and women 7103, 1107. AH these activities are likely to contribute to improved health. Improving WSH is therefore key to breaking the cycle of poverty and disease and to promoting development.
Note that in the same way as indoor air pollution was discussed previously, unsafe WSH may work jointly or synergistically with other risk factors, like underweight/malnutrition (including iron deficiency anemia and vitamin A and/or zinc deficiency), to increase the incidence and effects of such diseases as diarrhea and intestinal parasites. Some risks related to unsafe WSH can be mediated through underweight whereas, equally, some risks for underweight may be mediated through WSHrelated diseases like diarrhea 748,1117. In South Africa, HIV/AIDS may also be an important moderator of the risk of diarrheal disease from unsafe WSH, particularly in children living in informal settlements 71127
The synergistic effects, however, are not within the scope of this analysis. Nevertheless, policies to reduce disease burden due to diarrheal diseases have to be cross-sectoral to reduce exposure to multiple risks. The increased demand for water for providing care for a household member living with AIDS also highlights the importance of improved access and multisectoral developmental approaches 71137. Government programs, such as those focusing on informal settlement eradication and integrated rural development, as well as the Extended Public Works Programme, provide opportunities for this approach.
Lead exposure. Several social factors assume importance in predisposing children to lead in the environment /64/. Exposure to lead tends to be higher in the lower socioeconomic groups of the population /1147. Poorer populations are forced to live in areas that are more exposed to industrial pollution, closer to busy roads and highways, or in degraded housing with old, flaking lead-based paint and lead water pipes, which has serious implications for inequalities in health.
Albeit in a piecemeal fashion, some significant developments have occurred in South Africa in recent years that hold considerable promise of reducing children's exposure to lead. In 2006, the use of leaded petrol was phased out. In addition, following the discovery by Medical Research Council researchers that lead is still being added to certain paints in South Africa, and in some instances at extremely high concentrations, legislation was drafted to prohibit this practice /1157. A lead hazard awareness initiative was also launched by the Department of Health and the Medical Research Council of South Africa. These steps are likely to lead to significant reductions in lead exposure among South African children. The burden attributable to lead in South Africa is, in principle, preventable through the implementation of a comprehensive, intersectoral lead poisoning prevention program. Such a program should include research to identify emerging risk factors for elevated blood lead concentrations in children as well as in adults (especially with regard to 'cottage industries' and the use of lead in cultural/traditional practices), significant scaling up of awareness programs to address the lack of knowledge of the sources and hazards of lead, and initiatives, in the context of a resource poor country such as South Africa, to address the problem of the estimated 25% of homes and schools that are currently coated with lead-based paint. Testing must be carried out to identify high-risk buildings, and provision should be made for the safe management of lead-based paint in the worst-affected dwellings and schools using a combination of in-place containment and more permanent removal methods. Given the possible associations between lead exposure and poor school performance as well as delinquent behavior, for South Africa to set standards for children's blood lead levels and to develop protocols to respond to children with elevated blood lead levels is extremely important.
CONCLUSION
As many policy-makers are not aware of the array of health effects associated with exposure to the environmental factors discussed here, the quantification of health risks associated with exposure can be an effective guide, as well as an educational tool. Such quantification of risks will also provide an indication of the level of effort that is necessary in a given city, region, or control strategy. For this reason, this first quantification of the impact of exposure to environmental risks on public health in South Africa is such a crucial first step in developing successful policies and strategies in the control of these environmental factors.
This study estimated that about 24,000 deaths in 2000 were attributable to exposure to four elected environmental risks, highlighting the significant public health impact of exposure to environmental risks and the significant burden of preventable disease attributable to exposure to these environmental risk factors in South Africa. The study identified that the major contribution to the disease burden attributable to these environmental factors arises from the diarrhea burden related to unsafe WSH. While clear improvements have been made in access to water and sanitation during the past 15 years, extending these services further will be essential to reduce this burden. In terms of the other environmental factors, macro-economic policy reforms to promote growth, employment, equity, trade, and reducing inflation, must be carefully planned to ensure that these issues do not also encourage environmentally unsustainable practices. Such planning involves full cost accounting (e.g. by removing distortions from the economy such as energy subsidization), taxing pollution and waste generation, managing interest rates so that harmful land-use practices are discouraged, and providing alternatives to informal sector activities that use environmental resources unsustainably. South Africa is a disproportionately large producer of carbon emissions, with much of its relatively cheap electricity produced by coalfired power stations. Considering the impact of climate change on the future burden of disease will be important so that the full disease burden can be assessed. A need exists for the development and implementation of evidence-based policies and programs to jointly address these environmental risk factors through an integrated approach toward improving environmental health at the individual, household, community, and societal levels. A considerable body of evidence has already emerged regarding effective environmental health interventions /l 16/ and how to implement them, If marshaled, this evidence and experience could result in considerable improvements in the health of South Africans.
